Helicobacter pylori is an important cause of gastric pathologies and persistent infection can lead to stomach cancer. Virulent H. pylori strains encode a type IV secretion system responsible for translocation of the oncogenic CagA protein into cells of the gastric mucosa. Gene HP0522 encodes the essential component Cagδ (Cag3), and we show by gel filtration and cross-linking that purified Cagδ forms high molecular mass complexes. In contrast, its interaction partner CagT is mostly monomeric, but co-fractionates after gel filtration. Analysis by transmission electron microscopy revealed that purified Cagδ complexes can self-assemble ring-like structures. Cagδ-overexpressing Escherichia coli exhibits membrane-associated circular profiles in regions of the cell envelope with intense immunogold labelling with a Cagδ-specific antiserum. Our results suggest that Cagδ has the capacity to form macromolecular structures contributing to the assembly of the type IV secretion system.
INTRODUCTION
Helicobacter pylori is an important gastric pathogen. Virulent strains carry a 37 kb genomic island known as the cytotoxicity associated gene pathogenicity island (cag PAI), which is strongly associated with an enhanced risk of developing peptic ulcers and gastric adenocarcinoma (Malfertheiner, Link and Selgrad 2014; Plummer et al. 2015) .
The H. pylori cag PAI consists of 27-31 genes, of which at least 14 encode essential components of a type IV secretion system (T4SS) (Peek and Blaser 2002; Peek and Crabtree 2006; Tegtmeyer, Wessler and Backert 2011) . The H. pylori cag PAI T4SS drives the transport of the oncogenic CagA protein into host cells, where it undergoes phosphorylation on EPIYA and interacts with host proteins disrupting a wide array of signalling pathways (Backert and Naumann 2010) . The archetypal 12 protein Agrobacterium tumefaciens VirB/D4 T4SS comprises cytoplasmic ATPases that power transport and assembly and core complex proteins traversing both the inner and outer membranes (Alvarez-Martinez and Christie 2009). A pilus composed of VirB2 and decorated with the adhesin VirB5 assembles at the outer membrane (Lai and Kado 1998; Aly and Baron 2007; Kwok et al. 2007 ). Cryo-electron microscopy and crystallographic analyses of the pKM101 T4SS core complex show that it is composed of VirB7, VirB9 and VirB10 homologues, each present in 14 copies that form a ∼1.1-megadalton two-chambered, doublemembrane spanning channel (Chandran et al. 2009; Fronzes et al. 2009 ). At least six putative homologues of A. tumefaciens T4SS components have been identified in H. pylori: CagC/VirB2, CagL/VirB5, CagT/VirB7, CagX/VirB9, CagY/VirB10, Cagβ/VirD4, CagE/VirB3-4 and CagV/VirB8 (Fischer et al. 2001; Buhrdorf et al. 2003; Rohde et al. 2003; Tanaka et al. 2003; Andrzejewska et al. 2006; Backert and Selbach 2008) . However, most of these proteins have very low sequence similarities to their counterparts in the well-studied models from Agrobacterium and pKM101 and some carry additional domains without apparent sequence similarity to T4SS components. Furthermore, the cag PAI encodes many proteins that appear to be unique to this T4SS, suggesting that the H. pylori T4SS has a much more complex structure than other models.
Cagδ (Cag3) has a molecular mass of 55 kDa and contains an N-terminal signal sequence. It is not predicted to contain transmembrane helices, but it is found in membrane fractions. Cagδ from H. pylori co-purifies and interacts with several other Cag proteins (Busler et al. 2006; Pinto-Santini and Salama 2009) . CagT and Cagδ promote each other's stability and form high molecular mass complexes (Pinto-Santini and Salama 2009). CagT is a 280 amino acid (31 kDa) lipoprotein suggested to be a VirB7 homologue (Fischer et al. 2001) . It has been shown to form an outer membrane associated complex with CagX, CagM and Cagδ (Kutter et al. 2008) , and it is at least partially exposed on the bacterial surface (Rohde et al. 2003; Tanaka et al. 2003) . Recently, H. pylori T4SS core complexes have been isolated and characterised using western blotting and negative stain transmission electron microscopy (TEM) (Frick-Cheng et al. 2016) . The complexes consisted of CagM, CagT, Cagδ (listed as Cag3), CagX and CagY, and had a diameter of 41 nm, with a 19 nm diameter central ring joined to an outer ring by spoke-like linkers. EM analysis of isolated complexes from a cagδ mutant showed a noticeable reduction in peripheral content and no evidence of a wellorganised outer ring, whereas cagT core complexes contained no outer ring or connecting spokes. These results, together with immunolabelling of Cagδ, suggest that CagT and Cagδ assemble at the core-complex periphery, and not in the central ring. Here we characterised Cagδ, an essential cag PAI-encoded protein not present in other T4SS (Fischer et al. 2001) .
MATERIALS AND METHODS

Cloning
Truncated versions of cagT and cagδ lacking regions encoding the N-terminal transmembrane helices (cagT 1-25) or the predicted N-terminal signal sequence (cagδ 1-22) were PCR-amplified from H. pylori 26695 genomic DNA using primers (CagTF: 5 -GAATT CGGTACCAAAAAAGTGGTGAAACAAAAGAAC-3 ; CagTR: 5 -GAA TTCCTCGAGTCACTTACCACTGAGCAAACTTC-3 , CagδF: 5 -GAAT TCGGTACCAAAGAAATAAGTGAAGCCGATAAG-3 , CagδR: 5 -GAA TTCCTCGAGTTACTTTGAATCTTTCAGTAACGC-3 . PCR products were cloned into pHT adding an N-terminal hexahistidyl-tag to their coding sequence (Smith et al. 2012) . The resulting plasmids pHTcagT and pHTcagδ were used for the production of recombinant proteins with N-terminal hexahistidyl-tags. For coexpression, truncated cagT and cagδ were PCR-amplified using primers (CagTDuetF: 5 -GAATTCGGATCCGAAAAAAGTGGTGA AACAAAAGAAC-3 , CagTDuetR: 5 -GAATTCCTTAAGACTTACCAC TGAGCAAACTTC-3 , CagδDuetF: 5 -GAATTCCATATGAAAGAAAT AAGTGAAGCCGATAAG-3 , CagδDuetR: 5 -GAATTCCTCGAGTTA CTTTGAATCTTTCAGTAACGC-3 ). The PCR products were cloned into the MCS1 (cagT) and MCS2 (cagδ) of pETDuet (Novagen), leading to the expression of CagT fused to an N-terminal hexahistidyl-tag and of untagged Cagδ.
Protein overexpression, purification and analysis BL21(DE3) * cells containing either pHTcagT, pHTcagδ or pETDuetcagTcagδ were grown to O.D 600 at 37
• C and were induced with 0.1 mM isopropyl-β-D-thiogalactoside for 4 h at 20
• C. Cells were harvested, resuspended in binding buffer (50 mM Na phosphate, 300 mM NaCl, 40 mM imidazole, pH 7.4) and lysed using a TS-Series 0.75 kW Cell Disrupter (Constant Systems) at 27 kPsi. Lysates were centrifuged at 18 000 rpm for 30 min at 4
• C, filtered through a 0.45 μm membrane and loaded onto a HisTrap Ni-chelate column (GE Healthcare). The column was washed with 20% elution buffer (50 mM Na phosphate, 300 mM NaCl, 400 mM imidazole, pH 7.4). Hundred per cent elution buffer was used to elute bound proteins in a single fraction; 0.5 ml was loaded onto a Superose 6 GL 10/300 gel filtration (GE Healthcare) equilibrated with 50 mM Na phosphate buffer (pH 7.4). Cagδ complexes eluted in a single peak in the column void volume at 7-8 ml and were analysed immediately upon elution. As negative controls, parallel experiments were conducted with BL21(DE3) * cells carrying pHT vector without insert and the column void volumes were analysed as in the positive controls. The identities to Cagδ and CagT were confirmed by SDS-PAGE analysis of samples from the peak fractions, followed by cutting out bands of the predicted molecular masses from the gel and mass spectrometry analysis in the Center for Advanced Proteomics Analyses (IRIC, Université de Montréal). Cagδ-and CagT-specific antisera were produced by Biogenes (Berlin, Germany) after injection of rabbits with proteins purified from inclusion bodies.
Protein crosslinking
Purified Cagδ complexes and Escherichia coli BL21(DE3) * cells containing overexpressed Cagδ were incubated in the presence of 0, 0.4, 0.8, 1.2, 1.6 and 2.0 mM DSS for 30 min at room temperature or with 0%, 0.2%, 0.4%, 0.6%, 0.8% and 1% formaldehyde for 30 min at 37
• C. Laemmli sample buffer was added before separation using SDS-PAGE and detection by western blotting with anti-Cagδ antibody.
Circular dichroism analysis
Solutions of purified Cagδ complexes were prepared at 4, 2, 1, 0.5, 0.25 and 0.125 μM concentrations in 50 mM Na phosphate buffer pH 7.4. Solutions of purified CagT monomers were prepared at 7, 3.5, 1.75, 1.4, 0.875 and 0.7 μM concentrations in 50 mM Na phosphate buffer pH 7.4. Circular dichroism (CD) measurements were performed using cuvettes with a path length of 0.02 cm (far-UV CD, 195-250 nm). The far-UV CD spectra were collected using a Jasco J-810 spectropolarimeter over the wavelength of 190-270 nm (data pitch 0.5 nm, bandwidth 1 nm, scan speed of 50 nm/min, response time 1 min). MRE was calculated by assuming an average mean residue weight of 110 Da for protein mixtures. Analysis of the CD spectra was carried out using the CDSSTR method from the dichroweb server (http://dichroweb.cryst.bbk.ac.uk).
Bacterial processing for ultrastructural analysis
Protein production was induced as described above and cells were sedimented and fixed with 4% paraformaldehyde (Acros organics, Morris Plains, NJ, USA) and 0.1% glutaraldehyde (Electron Microscopy Sciences, Fort Washington, PA, USA) for 30 min at 4 • C, followed by post-fixation with 1% osmium tetroxide in 0.1 M phosphate buffer (pH 7.2) for 1 h at room temperature. Between each step, the pellet was washed three times with 0.1 M phosphate buffer. Pellets were then dehydrated using graded alcohol and processed for embedding in LR White resin (London Resin Company; Berkshire, UK). Ultrathin sections of 80-100 nm thickness were cut with a diamond knife and collected on Formvarcarbon coated 200-mesh nickel grids. For immunoelectron microscopy, sections were blocked with 1% ovalbumin in 0.01 M phosphate-buffered saline (PBS) and incubated overnight with Cagδ rabbit antiserum (1:1000 dilution) in PBS. They were then washed using PBS, and blocked again before 30 min incubation with 10 nm protein A-coupled gold beads (1:50 dilution, University Medical Center, Utrecht, The Netherlands). Finally, sections were stained with 4% aqueous uranyl acetate for 2 min and with lead citrate for 1 min and observed in a Tecnai 12 transmission electron microscope (FEI Eindhoven, The Netherlands) operated at 80 kV. The gold particles over bacterial profiles were quantified, and statistical analysis was conducted using a Wilcoxon rank sum test to evaluate statistical significance.
Negatively stained protein preparations
A 5 μl drop of sample solution was adsorbed to a glowdischarged (Leica Microsystems Canada, Richmond Hill, ON, Canada) carbon-coated copper grid, washed with two drops of deionised water and stained with two drops of freshly prepared 2% uranyl acetate. Samples were imaged by TEM as above.
RESULTS
Cagδ forms high molecular mass complexes and CagT forms monomers
We overexpressed and purified recombinant proteins without their N-terminal signal sequence (hexahistidyl-tagged Cagδ, hexahistidyl-tagged CagT alone or coexpressed with untagged Cagδ) from Escherichia coli extracts by Ni 2+ affinity chromatography. Size exclusion chromatography detected Cagδ (55 kDa) in high molecular weight complexes eluting in the column void volume (Fig. 1A-C) and we did not detect monomeric full-length Cagδ. Lower molecular weight fractions were found to consist of C-and N-terminally truncated Cagδ (Fig. 1B and C) , as determined by western blotting and N-terminal sequencing. Analysis of negatively stained purified Cagδ preparations from high molecular mass fractions of the column using TEM revealed a large number of ring-like structures with diameters ranging from 20 to 40 nm, with the majority at 20-25 nm diameter, although occasionally larger than 50 nm diameter (Fig. 1D) .
In control experiments with E. coli carrying an empty cloning vector processed like Cagδ-overexpressing cells, we did not observe ring-like structures in the high molecular mass fractions (Fig. S1 , Supporting Information), supporting the notion that the rings correspond to Cagδ. In contrast to Cagδ, hexahistidyltagged CagT eluted from the column primarily at a volume Ni-Affinity 100% elution fraction, 6: gel filtration elution peak at 17.7 ml elution volume. 7: gel filtration peak 7.7 ml elution volume (void volume). Molecular masses of reference proteins are shown in kDa.
corresponding to the predicted molecular weight of a monomer of 32 kDa ( Fig. 2A) . Analysis of CagT-containing fractions by SDS-PAGE and western blotting showed that the monomeric fraction contained full-length CagT and C-terminally truncated fragments ( Fig. 2B and C) . To verify the identities of Cagδ and CagT, samples from the peak fractions (high molecular mass fraction in case of Cagδ) were separated by SDS-PAGE, the gels were stained and regions comprising proteins of the predicted molecular masses were excised. Mass spectrometry analysis confirmed the correct size of Cagδ and CagT, and also identified peptides covering 70% of the sequence of Cagδ and 89% of CagT, respectively (Fig. S2, Supporting Information) . The heterogeneity and apparent instability of the Cagδ complexes prevented the classification and higher resolution analysis of the images obtained by TEM.
Since no structural information is available, we conducted CD spectroscopy to determine the secondary structure composition of Cagδ and of CagT. CD spectra were determined across a range of concentrations, and representative spectra of 1 μM Cagδ and 0.875 μM CagT solutions are shown (Fig. S3,  Supporting Information) . Analysis of the spectra indicated that Cagδ comprises 39% β-sheets and a large portion of disordered regions (40%), whereas CagT was determined to be largely α-helical (82%).
Cagδ froms high molecular mass crosslinking products and co-purifies with CagT
To further characterise the Cagδ complexes, we used crosslinking with disuccinimidyl suberate (DSS) and formaldehyde. When Cagδ complexes were incubated with DSS, a large portion of the protein did not enter the separating gel and high molecular mass complexes located close to the stacking gel (Fig. 3A) . This indicated a large molecular mass of the crosslinked products, which is consistent with the results from gel filtration and TEM. We also observed crosslinking products of 90-100 kDa that could correspond to dimers; monomeric Cagδ was observed only in control reactions without DSS. In contrast, crosslinking with formaldehyde led to sequentially decreasing amounts of monomeric Cagδ with increasing formaldehyde concentration. High molecular mass species close to the separating were also observed, as well as crosslinking products larger than 100 kDa that may correspond to multimers (Fig. 3A) .
The interaction of Cagδ with CagT was also tested by coexpression of hexahistidyl-tagged CagT with untagged Cagδ. After purification by affinity chromatography and gel filtration, we observed high molecular mass complexes co-eluting at 10 ml that contained hexahistidyl-CagT and Cagδ (Fig. 4A-C , lane 6). Smaller molecular weight complexes eluting later were also observed that contained CagT, Cagδ and truncated fragments ( Fig. 4B and C, lanes 7 and 8) . Non-tagged Cagδ did not bind to the Ni-affinity column.
TEM images from negatively stained preparations of high molecular mass CagT-Cagδ complexes revealed ring-like structures with 20-40 nm diameter (Fig. 4D) as well as larger structures that appear to consist of ring-like subunits. The heterogeneity of these complexes was higher than those observed when Cagδ was expressed alone, and the degradation products are consistent with the formation of unstable complexes.
Cagδ-overexpressing Escherichia coli BL21
* exhibit
membrane-associated circular profiles
Analysis of Cagδ in cell lysates suggested that the protein may be more stable in intact cells than after isolation (Fig. 1B and  C) . To assess the capacity of Cagδ to form supramolecular assemblies in cells, we analysed the ultrastructure of E. coli BL21 * cells-overexpressing Cagδ using TEM. This revealed an abundance of circular structures that appeared to associate with the membrane portion of the cell envelope ( Fig. 5A-C) , while such structures were not observed in cells before the addition of IPTG (Fig. 5D ) or carrying an empty pHT expression vector (Fig. 5E ). These structures have diameters ranging from 18.3 to 24.72 nm with a mean of 22.14 ± 2.14 nm (n = 26). These values are close to the lower range of diameters observed in the case of Cagδ complexes (20-40 nm, Fig. 1D ), and are more homogeneous. These circular profiles likely correspond to Cagδ complexes since they are not visible in images from cells prior to IPTG induction or carrying an empty expression vector ( Fig. 5D and E). Further supporting this notion, analysis of the circular profiles in the cells at higher magnification showed that their size is similar to purified Cagδ complexes (Fig. S4 , Supporting Information).
To gain additional evidence, we conducted immunogold labelling on sections from E. coli overexpressing Cagδ and from CagT-δ ring structures eluted in a single peak at 10 ml. SDS-PAGE and western blotting with anti-Cagδ (B) and anti-hexa-histidyl antiserum (C) showing different steps of CagT-Cagδ co-purification; 1: cells pre-induction, 2: cells after induction, 3: soluble fraction, 4: Ni-affinity 20% elution fraction, 5: Ni-Affinity 100% elution fraction, 6: gel filtration peak 10 ml elution, 7: gel filtration peak 19 ml elution, 8: gel filtration peak 21.5 ml elution. Cagδ * signal probably corresponds to Cagδ degradation products. Molecular masses of reference proteins are shown in kDa. (D) Negative stain EM images of CagT-Cagδ complexes (10 ml elution fraction) showing large protein complexes (arrow head) and circular structures (arrow). Scale bars 100 nm.
cells carrying an empty expression vector as negative control. Sections were incubated with Cagδ-specific antiserum and 10 nm protein A-coupled gold beads. Quantification of the labelling revealed an average of 3.8 gold beads per Cagδ-overexpressing cell (n = 40) and only 1.2 gold beads in negative controls (n = 20) (Fig. 6 ). Closer inspection of the localisation revealed a strong preference for localisation of the beads in the cell envelope of Cagδ-overexpressing cells (12.6 gold beads per μm 2 ) where the ring-like structures localise (Fig. 6A) , as compared to only 0.5 per μm 2 in negative controls ( Fig. 6B and C) . Taking the size of the antibodies and of the gold beads into account, the beads generally localised close to the circular structures observed only in Cagδ-overexpressing cells (Fig. 6A) , showing that these likely correspond to Cagδ complexes. We also characterised Cagδ by crosslinking in overexpressing cells. In vivo crosslinking with DSS produced products with molecular masses larger than 100 kDa. The crosslinking pattern suggested the formation of more defined complexes (Fig. 3B ) as compared to purified Cagδ complexes (Fig. 3A) , as well as high molecular mass species. In contrast, after crosslinking with formaldehyde, monomeric Cagδ was detected in the control, and at low concentration of formaldehyde (0.2%). At higher concentrations, no low molecular mass Cagδ or multimers were detected, suggesting that large complexes did not enter the separating gel (Fig. 3B) . These results suggest that the structure of Cagδ complexes in the cells is more organised and stable than that in purified complexes.
DISCUSSION
Helicobacter pylori is an important human pathogen that depends on a T4SS for the transfer of CagA into cells of the gastric mucosa. The T4SS forms a macromolecular structure in the cell envelope that contains proteins similar to the VirB proteins from more characterised models such as Agrobacterium tumefaciens. However, H. pylori contains several additional components such as Cagδ for which no homologues exist in other T4SS and they may reflect an adaptation to the specific niche of this pathogen.
In this report, we show that purified Cagδ alone assembles into high molecular weight ring assemblies visible by TEM. We were not able to detect Cagδ in the ring-like structures by immunoelectron microscopy, which may be due to limited accessibility of the antigens in the assembled complex, but the identity of Cagδ in the high molecular mass fractions after gel filtration was verified by mass spectrometry. Also, in control experiments with cells carrying an empty cloning vector, we did not observe ring-like structures in high molecular mass fractions after gel filtration, further supporting the notion that these rings are composed of Cagδ. However, the heterogeneity and instability of purified Cagδ complexes prevented further structural analysis by classification of complexes and image analysis. This instability may be due to the presence of a high percentage of disordered regions (40%) in the protein as predicted by CD spectroscopy. Cagδ has the capacity to multimerise into large circular structures, but the disordered regions may expose them to degradation and they may only fold once the protein binds to its interaction partners in the T4SS. In contrast, CagT was almost entirely monomeric when purified. Hexahistidyl-tagged CagT copurified with Cagδ forming high molecular weight complexes of ring-like structures that were larger than those observed when Cagδ was expressed alone. These results suggest that despite the capacity to interact and to form multimeric high molecular mass structures, the correct assembly of CagT-Cagδ complexes requires other interaction partners. Ultrastructural analysis of Cagδ-overexpressing E. coli showed quite a different picture. We observed relatively homogeneous profiles (ring-like structures) of about 20 nm diameter that appeared to associate with the cell membrane. Immunoelectron microscopy suggests that these are likely comprised of Cagδ. These observations are consistent with a previous study showing that Cagδ was also found in membrane fractions (Pinto-Santini and Salama 2009), with the membrane-bound lipoprotein CagT. While it is conceivable that interactions with the membrane help promote stability prior to cell lysis, the inherent instability and variability of purified Cagδ complexes suggests that interaction partners are likely required to promote stability and to regulate the size of the multimeric complexes.
Cagδ has previously been shown to interact with several cag PAI proteins (Busler et al. 2006; Pinto-Santini and Salama 2009) , and recent work presented negative stain single-particle EM analyses of T4SS core complexes isolated from H. pylori (FrickCheng et al. 2016) . Cagδ may locate at the periphery of these core complexes on the 41 nm diameter outer ring structure. Diameters of purified Cagδ complexes from our own work typically ranged from ∼20 to 40 nm, with ∼20-25 nm the most common, but diameters larger than 50 nm were occasionally observed. This variability indicates that Cagδ has sufficient flexibility to form ring-like structures containing a different number of subunits. Alternatively, the structure may be extended via folding of the unstructured portions of the protein upon interaction with binding partners. Presumably, the structure is directly regulated by its interactions with CagT, which is in turn is regulated by interactions with CagM and ultimately the CagX-CagY core. In contrast to the heterogeneous purified Cagδ complexes, the protein appears to form stable and much more homogeneous structures in overexpressing E. coli cells. The comparison of crosslinking products of purified and overexpressed Cagδ is consistent with this notion.
